Wavefront coding refers to the use of a phase modulating element in conjunction with deconvolution to extend the depth of focus of an imaging system. The coding element is an asymmetrical phase plate shape, for most applications in the form of a trefoil or a cubic polynomial. Phase plates with trefoil shape generate not only the desired amount of trefoil aberration but also spherical aberration. It has been recently shown that a wavefront coding based optical system shows high tolerance to spherical aberration for monochromatic images; however, the depth of focus is considerably shortened for color images. In this work, we will show how to modify the shape of a phase plate in order to optimize its performance for color imaging. The design parameters of the phase plate are obtained by minimizing a merit function by means of genetic algorithms developed for this purpose. The evaluation of the optical characteristics of the phase plates for a feedback with the optimization algorithm is obtained by Zemax. Results will be illustrated by numerical simulations of color images.
INTRODUCTION
Wavefront coding (WFC) is an imaging technique where a phase modulating element or phase mask (PM) is used to increase the depth of focus (DOF) of an imaging system. This approach, originally developed by Dowski and Cathey [1] [2] [3] [4] is a computational imaging technique where an image is deliberately blurred by a known amount of aberration in a way that it is insensitive to misfocus, i.e., the point spread function (PSF) is invariant to defocus. Blurry images, also known as intermediate images, must be restored by means of an appropriate deconvolution filter. It is, therefore, a hybrid optical-digital technique in which a blurry image is produced from the optics, and a further digital signal processing must be applied to produce a sharp and clear final image. Design techniques of WFC based systems require that both the optics and digital processing characteristics of the system are jointly optimized for optimum system performance. WFC has been successfully applied in different fields as infrared imaging [5] , microscopy [6] , retinal imaging [7, 8] among others. The depth of focus in each application can be extended by a cubic phase plate at the exit pupil of the optical system and the trade-off between the DOF and the image resolution properties is dependent on the peak to valley value (strength) of the phase plate. In practice, the phase at the pupil can be modified by the use of spatial light modulators [9, 10] or by phase plates [11, 12] . Phase plates represent a cheap and robust option for wavefront coding based optical systems. Among the possible cubic shapes, the theoretical and experimental performance of fabricated phase plates shaped in trefoil shape has been demonstrated [5] , nevertheless other aberrations that the plate can generate have not been taken into account and they have been considered coded by the system. In a recent work [8] , Arines et al demonstrated that phase plates polished in trefoil shape do also produce considerable amount of spherical aberration and a negligible amount of astigmatism and coma. For a cubic phase it was shown that the main effect of spherical aberration is essentially a shift in the defocus range where good decoded images can be obtained [13] . For trefoil shaped plates the effect of spherical aberration in color images makes the depth of focus considerably shortenes [14] , In this work, we will show how to shape the phase plate in order to optimize its performance for color imaging.
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METHOD

Shape of the PM and spherical aberration minimization
It has been shown [8, 14] that a phase plate fabricated in PMMA (Polymethyl methacrylate) polished in trefoil shape adds not only spherical aberration but also chromatic aberration to the optical system. The only effect of spherical aberration for monochromatic light is a shift in the extended depth of focus range [13, 14] , and therefore the correction of the spherical aberration is not necessary. In WFC optical systems, the shorter the wavelength, the smaller the depth of field. When imaging in color with a trefoil shaped PM, the effective depth of focus is even shorter than the one for the blue, This is due to the fact that the depth of focus interval for each of the three RGB color channels do not fully overlap because of the shifts that spherical and chromatic aberrations generate. It was also shown that spherical aberration can be corrected by adding a 4th order polynomial to the plate shape to increase the depth of focus in color images. Therefore, in this work we will show how to obtain the shape of the phase plate in order to obtain good resolution color images in a desired defocus range. Our starting point is a PM produced by a PMMA plate shaped in the form of a trefoil and fourth order polynomial (spherical aberration) (1)  determines the overall strength of the mask (trefoil shape or Zernike polynomial ) and A will take control of the spherical aberration ( ). The radial coordinate,  is normalized to unit radius and  denotes the angular coordinate.
Here we will use the parameters of the optical system proposed in ref. 8 to obtain retinal images with a lens that focuses images onto the CCD placed at the exit pupil of the system with an aperture of 1cm and a focal length of 25 cm. It is worthless to say that the method can be applied to different systems.
First, and to obtain the aberrations generated by the mask, we performed simulations with Zemax [15] . We suppose the plate is illuminated with a plane wave at 633 nm (R), 550 nm (G) and 460 nm (B). For a given value  and different values of A, the Zernike coefficients of the phase at the exit pupil are evaluated. For a given value of , we obtained that trefoil aberration, coefficient, remains practically invariant for the three wavelengths. Invariance also happens for the chromatic aberration, . Astigmatism and coma are neglectable (values between 0.001 m and 0.02 m). Nevertheless, spherical aberration coefficients, , vary almost linearly with A and they have very close values for the three wavelengths. We choose that value of A that provides no spherical aberration for the green. The mask free of chromatic aberration for green will be named from here as corrected mask. In figure 1 For the corrected masks, i.e., for each pair of values A taken from data of Figure 1 , we evaluate the strength of the trefoil aberration (coefficient for ) and the chromatic aberration (coefficient for ). The residual phase for the spherical aberration, coma and astigmatism are so small that we do not include them for the optimization process. In figure 2 we show the values of the Zernike coefficients of the phase at the exit pupil. We will use these values in the next section to obtain the corrected mask that provides the best results for a desired depth of focus. 
Optimization algorithm
In order to seek for the PM that will provide best coded images within a depth of focus of 8 m, interval [-4 m,4 m] about the focus for the green channel, we seek for the pair of values A that minimize the following merit function,
Where MTF is the modulated transfer function for the optical system and z represents the image plane position, being z=0 the position of the focus for the green color. The value for α minimizing eq. (2) 
RESULTS
The genetic algorithm provides a value for =100 m and therefore a value of A=2.6 m. Figure 3 shows a simulated interferogram of the phase provided by an uncorrected mask with =100 m and A=0 m and a corrected one with =100 m and A=2.6 m. It can be seen that spherical aberration yields a loss of symmetry of the phase for the uncorrected mask. In figure 4 we show the color simulation of decoded images of an USAF target. To simulate color images we define first the reference plane, the PSF's for each wavelength of which will be used for decoding. So, as explained above, for the optimized mask the reference plane is set at the green focal plane, z=0 m. The intermediate blurred images are convolved with the PSF's for each channel at the corresponding image plane.
Both convolution and deconvolution processes are simulated in Mathlab. For deconvolution we use the FFT routine which makes use of Regularized Wiener Filter [16] , the regularization parameter is set by the user and only brightness and contrast are adjusted in the final images. 
CONCLUSIONS
Phase plates for wavefront coding polished in trefoil shape add spherical aberration and chromatic aberration to the optical system. For color images, spherical aberration shortens the depth of focus but it can be extended by adding a 4th order polynomial to the plate shape. For a given depth of focus interval, the shape of the corrected PM optimizing the results can be obtained by genetic algorithms. From the results obtained in this work, we can also say that there is a relationship between the strength of the plate, depth of focus and resolution. Big values of  can be used to increase the depth of focus at expenses of reducing resolution but keeping low level of chromatic aberration and distortion. On the other hand, small values of  provide good high color resolution images in smaller depths but chromatic aberrations and distorsions show up very close outside the limits of the interval used in the optimization algorithm.
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